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ABSTRACT 

Polarized diffuse emission observations at 2.3 GHz in a high Galactic latitude area 
are presented. The 2° x 2° field, centred in (a = 5^, 5 = —49°), is located in the 
region observed by the BOOMERanG experiment. Our observations has been carried 
out with the Parkes Radio telescope and represent the highest frequency detection 
done to date in low emission areas. Because of a weaker Faraday rotation action, the 
high frequency allows an estimate of the Galactic synchrotron contamination of the 
Cosmic Microwave Background Polarization (CMBP) that is more reliable than that 
done at 1.4 GHz. We find that the angular power spectra of the E- and H-modes 
have slopes of Pe = —1.46 ± 0.14 and Pb = —1.87 ± 0.22, indicating a flattening with 
respect to 1.4 GHz. Extrapolated up to 32 GHz, the E-mode spectrum is about 3 
orders of magnitude lower than that of the CMBP, allowing a clean detection even at 
this frequency. The best improvement concerns the E-mode, for which our single-dish 
observations provide the first estimate of the contamination on angular scales close 
to the CMBP peak (about 2 degrees). We find that the CMBP E-mode should be 
stronger than synchrotron contamination at 90 GHz for models with T/S > 0.01. This 
low level could move down to 60-70 GHz the optimal window for CMBP measures. 

Key words: cosmology: cosmic microwave background - polarization - radio con¬ 
tinuum: ISM - diffuse radiation - radiation mechanisms: non-thermal. 


1 INTRODUCTION 

The Cosmic Microwave Background Polarization (CMBP) 
is a powerful tool for investigating the early Universe. For 
instance, inflationary models lead to a well defined peak- 
pattern of the E-mode power spectrum and its precise mea- 
surement provide s a check of the inflationary paradigm itself 
^Kosowsk■dll99fl^ . 

The second and fainter CMBP component - the B- 
mode - is predicted to directly probe Inflation. In fact, the 
emission on a few degrees scale is related to the amonnt 
of gravitational waves (GW) generated by the Inflation, 
and allows measurement of its main parameters, such as 
the ene rgy density of the Universe when this event oc¬ 
curred llKamionkowski fc Kosowskvl Il99^ . On subdegree 
scales, instead, the B-mode is contaminated by the E- 
mode via galaxy gravitational lensing, allowing though 
a way to determine the matter fluctuation power spec- 
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trum JZaldarriaga fc Seliaklll99^ . The first steps into E- 
mode measurements has begun with th e detections of the 
PAST CAPM AP a nd CBI experime nts Eeitch et al.ll2004l : 

iBarkats et alJl2004l : lR.eadhead et alJl2004li . However, we are 

far from a complete characterization and the E-mode is still 
elusive. 

Several astrophysical sources of polarized emission in 
the foreground must be considered as they could contami¬ 
nate the tiny CMBP signal. Among them, the diffuse syn¬ 
chrotron emission of the Galaxy dominates at low frequen¬ 
cies and it is expected to be the major contaminant up 
to 100 GHz. Recently, evidence for a significant anoma¬ 
lous dust emission, competitive with the synchrotron up 
to 50 GHz, has been found (e .g. Ide Oliveira- Costa et alJ 
I 2 OO 4 I : iFinkbeiner. Langston fc Minter^l2004^ . Although no- 
tentially relevant i n total intensity, the sm all polarization 
fraction predicted iLazarian fc Drainell200(ri seems to leave 
synchrotron as the leading polarized component. 

The study of the synchrotron emission is thus crucial 
for CMBP experiments. Besides the estimate of the contam- 
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ination level, it allows the tuning of foregro und separation 

B dnres to extract the cosmic signal (e.g. iTeemark et alJ 
and the selection of optimal sky areas for observation. 
Polarization measurements with large sky coverage has 
becoming available at frequencies up to 1.4 GHz (e.g. see 
ICa.rretti et ahlEnn.^ and references therein for a review of 
the available data), although their sensitivities and angular 
resolutions do not fully cover the CMBP needs. An ideal 
field for CMBP studies is the high Galactic latitude field 
(fo ~ —38°) in the region observed by the BOOMERanG 
experiment. This field, positioned at a = 5**, 8 = —49°, 
has low levels of synchrotron emission and has been se¬ 
lected a s the target area for CM BP experiments (e.g. BaR- 
SPOrt, ICortiglioni et ahl l2003l . and BOOMERanG-B2K, 
iMasi et al.ll200X The first measurement of the polarized 
synchrotron emission in low-emission areas was reported by 
iBernardi et alJ (l20n3h in this field at 1.4 GHz with the Aus¬ 
tralia Telescope Compact Array (ATCA). The analysis of 
these observations has allowed the first estimate of the syn- 
chrotr on contamination on the CMBP spectra at high lat¬ 
itude llCa.rretti et alJl2^^.‘^^ . However, these authors found 
that at 1.4 GHz the area is likely to be affected by Fara¬ 
day Rotation (FR) effects, which could enhance the detected 
emission and modify the spectra by steepening their slopes. 
In particular, their analysis shows that, at 1.4 GHz this area 
is in an intermediate state between negligible and significant 
FR effects. Since FR has a square dependence on the wave¬ 
length [Sifi oc A^), higher frequencies should allow observa¬ 
tions of the region without significant effects. Finally, the 
1.4 GHz data have an angular scale sensitivity range limited 
by the interferometric nature of the observations, and cover 
only the angular scales up to 15 arcmin. 

To overcome these constraints, we have conducted sin¬ 
gle dish observations of this area at 2.3 GHz with the Parkes 
Radio telescope. These observations also allow us to extend 
the angular scale sensitivity toward degree scales, leading 
to a firmer assessment of the contamination of the CMBP 
B-mode generated by GW, which peaks on ^ 2° scales. 

The paper is organized as follows: in Section we 
present details of the observations along with the discussion 
of the obtained maps. In Section we show the analysis of 
the angular power spectra, while in Section^Jwe discuss the 
implications for CMBP measurements. 


2 OBSERVATIONS 

We have made single dish observations of the 2° x 2° 
area centred in a = 5‘'00“00% 8 = -49°00'00" (J2000) 
{I ~ 255°, h ^ —38°) with the Parkes Radio telescope at 
2.3 GHz on 17-23 August 2004. The field was surveyed with 
2° scans in both RA and Dec. Scans were separated by 3 ar¬ 
cmin, providing an adequate sampling of the 8!8 telescope 
beam. We used the dual circular polarization Galileo re¬ 
ceiver in combination with a wide band 13 cm feed. The 
two total intensity channels and the two linear Stokes pa¬ 
rameters, Q and U, were formed from the auto and cross 
correlations of the two receiver outputs. The digital correla¬ 
tor was configured to provide 1024 250 kHz-channels, giving 
a total bandwidth of 256 MHz centered on 2300 MHz. In 
the subsequent analysis the channels have been grouped in 
8 X 32 MHz. The system showed an optimal sensitivity in a 


200 MHz wide band. After the selection for RF interferences, 
a total effective bandwidth of Av = 128 MHz has remained 
with a central frequency of 2332 MHz. 

The sources 1934-638 and 3C138 have been used for 
total intensity and polarization calibration, respectively. The 
absolute polarization state of 3C138 was determined using 
ATCA one week prior to the Parkes observations. Although 
3C138 is variable, the timescale is suc h that the one week la g 
between observations is insignificant jPadrielli et a Odi. 

Images of the Stokes parameters I, Q and U were con¬ 
structed through an iterative map-making procedure, based 
on the estimation and removal of a linear baseline from each 
scan. The image produced at each iteration is used in the 
next to subtract the sky sig nal from the data an d improves 
the baseline evaluation (see ISbarra et alJl2003 for the ba¬ 
sic equations and Carretti & Poppi, in preparation, for an 
impl ementation at the M edicina Radio telescope). Differing 
from ISbarra et all (|2003), a linear behaviour for the baseline 
is allowed. As usual, the removal of a linear baseline leads 
to the loss of the absolute emission levels in the images. 

The Stokes 1, Q, U and linearly polarized intensity, 
L = + images are shown in Figure Q The images 

cover an area of 2° x 2°, have a pixel size of 3 arcmin, and 
have an rms pixel sensitivity of 1.0 mjy beam~^ or 800 fiK 
in brightness temperature units (the gain is 0.77 Jy/K). Fi¬ 
nally, they have been smoothed to a FWHM of 10!6. 

The total intensity emission is dominated by point 
sources, corresp onding to the stro ngest sources in the 
1.4 GHz image dCarretti et al.ll2^^5^ . The polarization im¬ 
ages are dominated by diffuse emission. Structures are 
present on all angular scales up to the field size, with the 
largest feature extending from north to south. Excluding 
the one evident point source, the polarized intensity image 
peaks at about 5 mK, while the peak-to-peak variation of U 
is of about 10 mK {Q shows less power). 

The small range of overlapping angular scales in the 1.4 
and 2.3 GHz observations makes a direct comparison diffi¬ 
cult. However, it is worth noting the filamentary structure 
about 1 degree long present at 1.4 GHz has no counterpart 
at 2.3 GHz but approximately corresponds with the maxi¬ 
mum gradient of the 2.3 GHz U map. It is possible that this 
structure is gener ated by a Faraday scr een at 1.4 GHz, as 
supposed also bv IBernardi et all (l2003r . but the structure 
disappears at 2.3 GHz, where FR is weaker. 

An image of the polarization angle is shown in Fig¬ 
ure 121 The pattern is uniform inside the large structures 
but sudden changes of about 90° are observed when cross¬ 
ing a zero in polarized intensity. These features can have 
physical origins, such as the effects of a Faraday screen or 
a sudden change in the magnetic field direction. However, 
here they correspond to a change of sign of U (the domi¬ 
nant component) and are characterized by a ^ 90° change 
of polarization angle. This could be simply generated by a 
mean value removal. The addition of a constant value to U 
would eliminate this change of sign, keeping more uniform 
the polarization angle pattern. Map-making procedures can 
generate such a situation, therefore, besides the presence of 
either a Faraday screen or a rapid change of the magnetic 
field, the sudden changes in polarization angle of our map 
can be related to this non-physical cause. Only observations 
of a larger area can provide the missing mean emission and 
distinguish the two cases. 
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Figure 1. Maps of the Stokes parameters I (top-left), Q (bottom-left) and U (bottom-right) of the observed area at 2.3 GHz. The 
polarized intensity L = is shown as well (top-right). Units are mK. 
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Figure 2. Polarization angle map. The vector length is propor¬ 
tional to the polarized intensity. 

3 POWER SPECTRUM ANALYSIS 

We compute the power spectrum of the E- and R-modes 
of the polarized component through the Fourier technique 
of lSeliakl l|l997(l . The results are shown in Fignre Altogether 
with power law fits to the eqnation: 

Cf = Cs^oo (^)'"'' ’'^ith X = E,B, (1) 

where £ is the multipole, corresponding to the angular scale 
6 ~ 180° y. The spectra of E- and B-mode have similar 
power, except at smaller £, where the poor statistics allows 
larger deviations between the two components. The results 
of the fits are given in Tabled 


Figure 3. Angular power spectra Cf and Cf in the observed 
area together with their power law fits. Cf is slightly shifted 
to the right to avoid confusion. The fit to the 1.4 GHz F-mode 
power spectrum scaled up to 2.332 GHz (Cf^) is also displayed 
(a frequency spectral slope of a = —2.8 is assumed). 


Table 1. Fit parameters for E and B spectra. 


Spectrum 


dx 

cf 

21 ± 2 

-1.46 ±0.14 

Cf 

37 ±6 

-1.87 ±0.22 


The compar ison with the spectr a obtained in the same 
area at 1.4 GHz iCarretti et al.l2005l) allows interesting con¬ 
siderations. Figure A1 plots the 1.4 GHz spectrum scaled to 




























4 E. Carretti, et al. 



Figure 4. Fits to power spectra computed at £ = 1000 for 
both 1.4 GHz and 2.3 GHz. E- and B-mode are almost over¬ 
lapped at 1.4 GHz, so that the latter has been omitted to avoid 
confusion. Similarly, is slightly shifted left to avoid confu¬ 

sion. The dotted line represents the 1.4 GHz value extrapolated 
using a brightness temperature slope of « = —2.8. 

2.3 GHz with a brightness temperature frequency spectral 
slope a = —2.8, while Figure |3] shows the FI-mode powers 
for I = 1000 at 1.4 and 2.3 GHz. The S-mode emission level 
of our 2.3 GHz observations is signihcantly weaker than ex¬ 
pected for a synchrotron spectrum with slope of a = —2.8. 
In fact, a frequency spectral index of &e = —3.6 ± 0.15 is 
required to fit the amplitudes. A similar view is given by 
the B-mode, although the needed slope is flatter (fis = 
—3.3 ±0.2). Such steep slopes are unlikely at thes e frequen¬ 
cies for synchrotron emission iPlatania et a Odi). We sug¬ 
gest that the amplitudes at 1.4 GHz are affected b y FR. This 
suggestion is supported bv iGarretti et all (|200^, who hnd 
that randomization of polarization angles induced by FR 
can transfer power from large to small angular scales, en¬ 
hancing the power on subdegree scales. At 2.3 GHz, where 
Faraday effects are less than at 1.4 GHz, the observed po¬ 
larization is more closely re l ated t o the intrinsic emission, as 
discussed in iGarretti et all (|200^. Thus it seems clear that 
observations at higher frequencies are more robust for CMB 
extrapolation. 

The comparison between the slopes of the angular 
power spectra provides a similar view. At 2.3 GHz Pe is flat¬ 
ter than at 1.4 GHz, where a value of Pe'^ ~ —1.97T0.08 has 
been measured. The values measured at 2.3 GHz are closer 
to the mean value f3x^ ~ —1.6 (X = E, B) obtained on th e 
Galactic plane at the same frequency dBniscoli et alJl^OOzll . 
iGarretti et al.l ll2005^ discussed the effects of the FR on the 
power spectrum slope, hnding that steepening can occur if 
FR action is signihcant. In this context, the flatter slope 
measured at 2.3 GHz can be interpreted as FR effects being 
weak relative to those at 1.4 GHz. We note that the B-mode 
cannot be fit well with a power law (see Figure |3l, so that 
the resulting larger error makes /3 _b compatible with both 

= —1.98 ±0.07 and Px^- Therefore, no hrm statements 
can be made about the comparison of Pg"^ and Pg. 


4 DISCUSSION 

The steep spectral index needed to match the 1.4 GHz emis¬ 
sion level, the regularity in the polarization angle pattern, 


Figure 5. Angular power spectra Cf (top) and C® (bottom) 
extrapolated to 32 GHz and 90 GHz, respectively, of both the 
2.3 and 1.4 GHz data. A frequency spectral slope of a = —3.1 is 
assumed. Spectra expected for the GMBP are shown for compari¬ 
son (solid) by using^osmelogicalparameters determined with the 
WMAP data |2Eergej_et.^lJ|222^. For the B-mode, a tensor-to- 
scalar power ratio T/S = 0.01 is assumed. 

and the flatter slope of the 2.3 GHz B-mode angular power 
spectrum, indicate that our maps are weakly affected by FR 
effects. Consequently, they provide the most reliable esti¬ 
mates of the contamination of the GMBP by synchrotron 
emission at high Galactic latitudes. Moreover, these data 
explore larger angular scales than possible with the 1.4 GHz 
observations (limited to scales smaller than 154, allowing es¬ 
timates closer to the peak of the B-mode emission at about 
2 ° (£~ 100 ). 

The extrapolations up to 32 GHz (B-mode) and 90 GHz 
(B-mode) are shown in Figure]^ where the typical spectral 
index a = —3.1 of the 1.4-23 GHz range has been assumed 
iBernardi et al.ll2004^ . The contamination of the B-mode 
is significantly lower than that estimated with the 1.4 GHz 
data: a factor two better is seen a.t i ^ 1000, while the flat¬ 
ter slope of the 2.3 GHz angular spectrum increases that 
factor at larger scales to about 4 at ^ = 400. Note that 
the Grange now covered allows a direct estimate on angu¬ 
lar scales usually probed by 30 GHz experiments (e.g. the 
32 GHz channel of BaR-SPOrt with a FWHM = 0.4°). This 
improves the expected detectability of the GMBP B-mode 
signal, by avoiding the uncertainties of an angular extrapo¬ 
lation. At 32 GHz, the hrst GMBP peak {£ ^ 400) is about 
3 orders of magnitude above the synchrotron emission (i.e. a 
factor 30 in signal). This makes us conhdent that in this area 
the cosmic signal is detectable by experiments in this band. 
Even cons idering an uncertainty of Aa = 0.2 in t he spec¬ 
tral index iPlatania et al.ll998l : lBennett et all2003^ . the ex¬ 
trapolation would change by a factor ^ 3 in spectrum, not 
significantly affecting the previous conclusion. In addition, 
our estimate strengthens the results obtained by the GMBP 
experiments, which find indications that at 30 GHz the emis¬ 
sion of this foregroun d is not dominant llLeitch et al.ll20o3 : 
iReadhead et alJl2004^ . At 90 GHz the frame is even better: 
the synchrotron B-mode is 5 orders of magnitude weaker 
than the GMB, giving a very negligible contamination in 
the CMB frequency window. 

Our measurements allow even larger improvements in 
the expected detectability of the B-mode component. The 
improved coverage of the angular spectrum gives a more 
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Figure 6. Frequency behaviour of the synchrotron and dust B- 
mode in our patch. The quantity yj / (^tt) in ^ = 100 
is shown because a fair estimate of the signal on the scale where 
the CMB mode peaks {Q ~ 2°). The CMB level expected in 
the case oiTjS = 0.01 is plotted for comparison. Synchrotron 
emission is estimated by extrapolating to ^ = 100 the fit of Ta¬ 
ble [3 We assume a slope of a = —3.1 for the frequency be¬ 
haviour. Dust emission is evaluated from the total intensity upper 
limit measured w ith the BOOMERanG experiment at 6 = —38° 
jMasi et al.l2Q^ ^ A slope of a = 2. 2 is assumed for the frequency 
extranolalion fBennett et a].ll2n03li . Two values of polarization 
fraction (5% and 2 0%) are used to bracket the 10% deduced by 
iBenoit et a].l ^2^04^ for high Galactic latitudes. 


reliable estimate of the B-mode contamination near the 
I ~ 100 CMBP peak. The power of this peak is expected 
to vary with the tensor-to-scalar perturbation ratio TjS so 
measuring the level of the GW background in the early Uni¬ 
verse. Our data suggest that at 90 GHz the synchrotron 
contamination dominates the GMBP signal for models with 
TjS < 0.01, allowing the detection of this still unknown pa¬ 
rameter well below its presen t upper limit (T jS < 0.90 - 
95% C.L.: ISoereel et al.ll200,‘^l . 

The resulting picture is encouraging: in this area of the 
sky the CMBP B-mode is expected a factor 30 larger than 
the synchrotron emission at ~ 30 GHz, so appearing free 
of this contaminat, even allowing for possible uncertainties 
in the frequency extrapolation. At 90 GHz the contamina¬ 
tion on the B-mode is negligible, while that on the B-mode 
appears to dominate the CMB signal only for models with 
TjS < 0.01. This low level is beyond the capability of the 
the PLANCK missi on {A{T/S) ~ 0.06 - 95% C.L.: see 
iTegmark et ahlboOfil and only future experiments devoted 
to the search of the B-mode will be limited by the foreground 
emission in this sky area. 

Although an accurate estimate of the dust contribution 
in the area cannot be done due to the many uncertainties, 
we indicate some plausible upper limits in Figure]^ These, 
and our new lower estimate of the synchrotron component, 
suggest that the thermal dust could become the most im¬ 
portant source of foreground noise at 90 GHz. This would 
move the optimal window for B-mode investigations from 
90-100 GHz toward 70 GHz, as for the CMB anisotropy 
iBennett et alJl2003^ . Better estimates of the optimum B- 
mode observing frequency require a direct measure of the 
polarized dust emission in this sky area, possibly at higher 
frequency where the dust emission is stronger. 
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